T he sequencing of the human genome and identification of common human genetic variations have made highthroughput interrogation of the human genome possible. Genome-wide association studies (GWASs) are now an exciting new approach to discovering the genetic variations underlying complex diseases and phenotypes. 1 These studies allow "hypothesis-free" interrogation of the entire genome without the biases of candidate gene approaches. The GWAS approach has both highlighted candidate genes previously identified by the study of mendelian disorders or by basic biological investigation and illuminated novel genomic loci clearly associated with the phenotype or disease of interest that were previously unsuspected. These studies are only the beginning of a shift in genetics and genomics that has the potential to alter our understanding of physiology and pathophysiology and to profoundly affect clinical medicine for generations to come. However, relatively few genes identified through GWASs have been rigorously assessed for their function in physiological processes, used for clinical risk assessment and prediction, or validated as bona fide targets for drug development.
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The plasma lipid phenotypes of low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and triglycerides have been a fertile early testing ground for GWASs. They are quantitative heritable traits strongly associated with cardiovascular risk and widely measured in clinical practice, making them methodologically, clinically, and logistically attractive for investigation with genome-wide approaches. In the lipid GWASs reported to date, many genes previously identified with mendelian lipid disorders (Table 1) have been significantly associated with lipid phenotypes, [2] [3] [4] [5] [6] [7] confirming that these genes also are important in influencing lipid traits in the general population. These lipid GWASs also have identified additional genomic loci that are highly significantly associated with plasma lipid levels [2] [3] [4] [5] [6] [7] (Table 2 ). Primary discovery in the lipid GWASs to date has largely been performed in previously compiled cohorts wholly or in part ascertained for disease-based phenotypes such as hypertension, 7 diabetes, 2, 3, 6 or the metabolic syndrome. 4, 5 Such disease-based ascertainment could influence GWAS results, particularly when the disease process affects the lipid profile or when a substantial proportion of the study population is on lipid medication. In this context, the lipid GWAS articles presented in this issue by Chasman et al 8 Chasman et al report on the results from GWAS analysis of LDL-C, HDL-C, and triglycerides among 6382 white women from the Women's Genome Health Study, a prospective study of initially healthy women Ն45 years of age. The latter study also tested for association with apolipoprotein (Apo) B and ApoA-I, the primary protein components of the LDL and HDL lipoprotein particles, respectively. Concordant results between LDL-C and ApoB or between HDL-C and ApoA-I provide somewhat greater confidence in newly discovered associations with LDL-C and HDL-C.
These 2 studies largely replicate the findings of previous lipid GWASs and do not report any major new genomic loci in association with lipid phenotypes. However, they are important in that they provide additional confirmation of previous GWAS associations within healthy populations and enable a more generalizable estimate of effect size of the genetic variants in the general population. With lipid GWAS results from cohorts using disease-based ascertainment now validated and largely replicated within cross-sectional studies, it is reassuring, and a bit surprising, how similar the gene regions and effect sizes are across both types of GWASs. It appears that further identification of new genetic loci associated with lipid phenotypes using genome-wide approaches in unselected populations will require much larger numbers of phenotyped individuals. In addition, dense genotyping of lipid GWAS loci with both common and low-frequency single-nucleotide polymorphisms needs to be performed in very large numbers of subjects to refine the signal. This will be facilitated by custom candidate gene arrays such as the ITMAT/Broad/CARe cardiovascular candidate gene array, which was developed in a multicenter collaboration. This array was designed to provide dense coverage using Ϸ50 000 single-nucleotide polymorphisms of Ͼ 2000 candidate genes associated with cardiovascular disease and related phenotypes, and will be used to genotype Ͼ200 000 subjects worldwide.
Are there any advantages for analyzing a quantitative trait such as a lipid measure with a case-control study design involving ascertainment based on quantitative phenotypic extremes? Candidate gene resequencing studies suggest that sequencing the phenotypic extremes not only provides the most information on rare variants but also is an efficient way to obtain information on common variants. 10, 11 One advantage of a case-control GWAS focused on the phenotypic extremes could be added power and reduced genotyping costs. For example, a small study of subjects with extreme hypertriglyceridemia (132 cases, 351 normal controls) repli-cated several published triglyceride GWAS associations with probability values nearing or exceeding genome-wide significance. 12 More important, it could be argued that a study of the extremes of a phenotypic distribution asks a different question than the study of a quantitative trait across a normal population and that such studies might identify new genes that were "in the noise" in population-based GWAS. Using GWASs in phenotypic lipid extremes to identify evidence of association with specific genomic loci, followed by resequencing of the identified regions in the same subjects to identify rare variants, is an attractive paradigm that could complement the existing lipid GWAS efforts.
One of the major next steps for validated GWAS associations is the identification of functional or causative variants. Because of the nature of the GWAS approach and the extensive linkage disequilibrium underlying common variants across the genome, the most significantly associated single-nucleotide polymorphism at a genomic locus is unlikely to be the causative variant. Identification of the causative variant can reveal mechanistic insights into how common variants exert their phenotypic effects and can enable identification of the affected gene when GWAS findings implicate a gene-rich region. One such example is the LDL-C-associated 1p13.3 locus. There currently is uncertainty as to which gene is actually causing the association signal, with some studies presenting evidence for CELSR2 5 and others presenting evidence for SORT1. 2 Resolution of this association is clearly of critical importance.
Causative variant identification is complicated by the fact that the majority of GWAS association signals occur in noncoding regions. The study by Heid et al particularly focuses on association signals within intergenic regions and explores potential hypotheses of how these regions may exert important functional effects on nearby genes. The functional analysis of these intergenic regions will require the use of technologies such as whole-genome RNA sequencing to identify novel transcripts in tissues and primary cells from subjects of defined genotype and the assessment of allelic distortion in which the 2 alleles present in a heterozygous subject are differentially expressed in the same tissue or cell type.
Although causative variant identification is important, it is equally important to assess the biological functions of the genes identified through GWAS, which does not require identification of the causative variant. In fact, causative variant identification is unlikely to provide substantial insight into the role of the gene in producing the associated phenotype, and knowledge of the causative variant is largely irrelevant for assessing the role of the emerging candidate genes in model systems, including cell culture and wholemodel organisms. Such basic investigations will have great impact on our understanding of the biological processes of lipid metabolism and will provide new insights that will contribute to the development of novel therapeutics based on these GWAS discoveries.
Human genetics is permitting a more rigorous investigation of the potential causative relationships of LDL-C, HDL-C, and triglyceride levels to coronary heart disease (CHD) risk. For example, a robust finding is the association of the 1p13.3 locus (containing the genes CELSR2, PSRC1, and SORT1) not only with LDL-C levels but also with CHD. 13 This finding strongly suggests that this locus influences CHD risk through its effects on LDL-C levels. Similar data are needed for many existing candidate genes (such as CETP and its relationship not just to HDL-C but also to CHD), as well as for new GWAS discoveries in the lipid field.
Lipid GWAS studies have major clinical implications, particularly in risk prediction and in the identification of novel therapeutic targets. The ability to effectively predict the risk of future disease is critically important, particularly when preventive measures are available for the disease, as is the case for CHD. The relative clinical value of a predictive test is directly related to the available interventions and their efficacy, safety, and cost. Even lifestyle interventions, which could theoretically be prescribed to all individuals regardless of a priori risk, may be embraced more avidly by those who know that they are at a substantially greater risk of developing the disease. For instance, traditional risk factors in coronary disease are inadequate to fully refine and personalize the assessment of lifetime risk. However, a 30-year-old man who knows he has a genetically determined 3-foldincreased risk of coronary artery disease by 60 years of age compared with the average 30-year-old man may make a more objective and informed decision in addressing his modifiable CVD risk factors in terms of exercise, diet, and cholesterol-lowering therapies. Interestingly, an analysis recently performed for single-nucleotide polymorphisms in candidate genes associated with LDL-C and HDL-C 14 indicated that the combined information from the single-nucleotide polymorphisms predicted CHD better than what could have been predicted from the lipid levels alone. This ap-proach may be able to be expanded with the addition of new gene regions identified from GWASs.
New drug approvals have stagnated over the last several years, and the cost of developing and bringing a new drug to market has soared. Indeed, many compounds that enter into development fail for lack of efficacy; others fail because of toxicity or adverse outcomes that are based on the mechanisms of the drug. "Preclinical" cell model systems and animal models play important roles in target validationdeciding which targets to pursue-and in the development of specific compounds and decisions about whether to take them into the clinic. However, there are many examples of drugs that worked spectacularly in animal models but failed to have adequate efficacy in humans. The bottom line is that, as useful as animal models are, they will never serve to faithfully predict the effects of targeting a particular molecular target. There is a major need for rational selection among these potential targets of those most likely to successfully produce effective and safe therapeutics. Carefully generated human genetic data linked to both "intermediate phenotypes" (such as LDL-C) and "outcomes" (such as CHD events) will likely be more powerful than any amount or type of preclinical data.
In summary, GWASs represent the culmination of years of groundwork, but the studies and results reported in this and similar journals only scratch the surface of the true potential of this approach. In addition to the obvious next steps of replication, signal refinement, and identification of causative variants, much work remains to be performed to define the biological roles of novel genes in metabolic pathways, including studying the roles of these genes in model systems. The use of GWAS data in refining clinical risk prediction and defining novel therapeutic targets is also of critical importance. GWASs represent a new dawn in the genetics of common diseases and quantitative phenotypes, but an even brighter future awaits in the glorious day of scientific discovery ahead.
